Light is an important environmental factor for most organisms. Therefore, organisms must perceive and appropriately respond to light signals. Blue light reaches deepest zones in the water column compared to light of other parts of the spectrum. It is reasonable to envision that aquatic organisms would have receptors tuned to blue light. High-intensity blue light might indicate coexistence of harmful UV light. Therefore, having sensors of blue light might help to protect cells from UV irradiation.
Two types of plant blue-light receptors, i.e., cryptochromes and phototropins, have been known for several years (1, 13) . Cryptochromes contain both folate and FAD as cofactors (38) , whereas phototropins contain flavins bound by the so-called LOV domains (12) . The first putative bacterial blue-light receptor, photoactive yellow protein (PYP) from the ␣-proteobacterium Ectothiorhodospira halophila was identified in 1985 (41) . PYP uses hydroxicinnamoic acid as its chromophore (3, 25) . PYP has been proposed to function in the photophobic response in E. halophila (54) ; however, this has yet to be verified. The Ppr protein from Rhodocista centenaria combines a PYP-like and a phytochrome domain (29) and undergoes a photocycle similar to that for PYP. In a Ppr mutant, expression of the gene for chalcone synthase is no longer blue light dependent, unlike the expression of this gene in the wild type (29) . A blue-light-dependent photocycle was revealed for the LOV domain protein YvtA from Bacillus subtilis (36) , which serves as an antisigma factor antagonist (2). It is not known what blue-light response is mediated by YvtA. In general, our knowledge of the biological relevance of blue-light responses and blue-light-dependent signal transduction remains poor.
We identified the Rhodobacter sphaeroides AppA protein as a blue-light receptor responsible for repression of selected photosynthesis genes in semiaerobically grown cells irradiated with blue light (8) . R. sphaeroides is a metabolically versatile ␣-proteobacterium. It can perform respiration by using oxygen or, in the absence of oxygen, by using alternative electron acceptors. In the absence of oxygen and in the presence of light, it can use cyclic photosynthetic electron transfer to drive photophosphorylation (28, 40) . The two light-harvesting complexes (LHI and LHII) of R. sphaeroides trap light energy and transfer excitation energy to the reaction center (RC), where the photosynthetic electron transport is initiated. The RC, LHI, and LHII complexes comprise the R. sphaeroides photosystem (PS). Most genes required for PS formation are clustered on chromosome I (11, 57) . These include bch and crt genes and operons (encoding enzymes involved in bacteriochlorophyll a and carotenoid biosynthesis, respectively), the puf and puhA operons (encoding the structural and assembly proteins of the LHI and RC complexes). The puc1 and puc2 operons (encoding the structural and assembly proteins of the LHII complex) are located separately from the PS gene cluster (66) .
Oxygen and light are critical environmental signals that regulate PS formation in R. sphaeroides. Although oxygen-dependent regulation of PS genes has been studied extensively in Rhodobacter species (for reviews, see references 4, 23, 24, 45, and 64), little was known about light-dependent regulation of PS genes until the function of the AppA protein as photoreceptor was unraveled (6, 8) .
AppA was originally identified as a protein involved in the regulation of PS genes in response to oxygen (18) . Subsequently, Gomelsky and Kaplan (20) provided genetic evidence that AppA functions as an antagonist of the PpsR repressor, which is a key regulator of PS gene expression (19, 22, 47, 48; O. V. Moskvin, L. Gomelsky, and M. Gomelsky, submitted for publication). The N-terminal domain of AppA was found to noncovalently bind FAD; however, it was not involved in oxygen control (21) . This domain was later designated BLUF and shown to function as a novel type photoreceptor (8, 17) . Thus, AppA is the first identified protein with dual sensing capabilities involving oxygen and light signals. Masuda and Bauer (39) used purified PpsR and AppA proteins to demonstrate that AppA can form an AppA-PpsR 2 antirepressor-repressor complex. Blue light promotes dissociation of this complex, thus making PpsR available for DNA binding and PS gene repression. The primary photochemistry of AppA may be based on an unusual mechanism for flavin-based photoreceptors, i.e., reversible light-induced proton transfer within the BLUF domain (32) .
To extend our knowledge on blue-light-dependent regulation and to gain insights into additional blue-light sensory mechanisms in R. sphaeroides, we used whole-genome transcriptional profiling of dark to blue-light transition of cells grown semiaerobically, i.e., in the presence of intermediate oxygen concentrations. The experimental setup involved monitoring of transient changes in gene expression, at 0, 5, 45, and 135 min after blue-light irradiation. The 5-min time point was chosen to capture the earliest possible changes in expression, whereas the later time points were chosen based on the bluelight-dependent expression changes observed by us earlier (8) .
(Preliminary findings reported here were presented at the XIth International Symposium on Phototrophic Prokaryotes [abstr. P-155] in Tokyo, Japan, in 2003.)
MATERIALS AND METHODS
Strains and growth conditions. Wild-type R. sphaeroides strain 2.4.1 was grown at 30°C on Sistrom's minimal medium A (14) containing succinate as a carbon source. The cultures were grown in 60-ml glass tubes under continuous sparging with a gas mixture containing 89% N 2 , 10% O 2 , and 1% CO 2 , resulting in a 120 M dissolved O 2 concentration. For light shift experiments, cultures grown in the dark to the early exponential phase were exposed to blue light for 0, 5, 45, or 135 min and harvested at an A 600 of 0.20 Ϯ 0.03. Blue light was obtained by passing light from a 500-W halogen lamp through a band-pass filter (BG12; Schott, Mainz, Germany). The maximum transmission of the filter is at 400 nm, with 50% transmission at 370 and 443 nm and no detectable transmission at Ͻ317 or Ͼ515 nm. The irradiance produced by this light source measured at the culture level was 10 mol of photons m Ϫ2 s Ϫ1 . The ⌬appA mutant APP11 (18), 2.4.1 and 2.4.1 overexpressing PpsR, and 2.4.1(pPNs) (19) were grown in the dark under continuous sparging with a gas mixture containing 79% N 2 , 20% O 2 , and 1% CO 2 .
RNA extraction and quantitative RT-PCR. RNA extraction and quantitative reverse transcription-PCR (RT-PCR) was performed as described earlier (16, 46) . In brief, rifampin was added to R. sphaeroides cultures at the final concentration of 200 g ml Ϫ1 to halt transcription initiation. Cells were collected into centrifugation bottles containing shaved ice and pelleted by brief centrifugation; the cell pellets were then disrupted with a Mini-BeadBeater (Biospec Products). RNA was extracted by use of the RNEasy midikit (Qiagen) and tested for the lack of genomic DNA contamination by quantitative real-time PCR by using the SYBR Green method and the iCycler iQ Real-Time PCR detection system (Bio-Rad). The quality and yield of RNA and cDNA were tested by using capillary electrophoresis (BioAnalyzer, Agilent Technologies).
DNA microarray experiments and data analysis. A high-density oligonucleotide R. sphaeroides microarray, GeneChip, corresponding to the whole genome was used for transcriptome profiling (46) . cDNA synthesis, fragmentation, labeling, and genechip hybridization were performed according to the protocol for Pseudomonas aeruginosa genechips recommended by Affymetrix (http://www .affymetrix.com/support/technical/manuals.affx). Robust Multi-Array Analysis (RMA) with quantile normalization (27; http://www.stat.berkeley.edu/users /bolstad/RMAExpress/RMAExpress.html) and GeneSpring 4.2 software package (Silicon Genetics) were used for genechip data analysis and presentation. We recorded and analyzed transcriptome profiles from two to three independent cultures grown under semiaerobic growth conditions after blue-light irradiation for 0 (dark), 5, 45, or 135 min. The experimental reproducibility (r values) between replicates from the same growth conditions were in the range of 0.96 to 0.99.
Unreliably measured and unchanged genes were filtered out by using two criteria. Criterion 1 was used to filter out unreliable changes. We retained only genes, whose expression values from each replicate at one time point during irradiation (a i ) differed by at least 15% from values from each replicate at 0 min (dark) of irradiation, (a j ), i.e., a i Ն 1.15 a j or a i Յ 0.85 a j . Average values from all replicates were derived from the replicates that passed the first criterion; fold changes were calculated based on these average values and compared to 0 min (dark). The average expression values are presented in the figures and tables. Criterion 2 was used to filter out potentially physiologically meaningless changes. We defined "meaningful changes" as those where a fold change between an average value at least at one time point during irradiation (â i ) was Ն1.5-fold higher or lower than the average value at 0 min (â j ), i.e., â i Ն 1.50 â j or â i Յ 0.67 â j .
To increase the number of potentially meaningful changes that did not pass these criteria, we retained for analysis those genes that belonged to clearly identifiable operons, if several genes from the operon passed only the first criterion. This is justified because (i) according to our own and others' observations, the magnitude of expression changes measured by genechips are often lower than that measured by alternative techniques, e.g., RT-PCR (26, 33, 46, 63) ; (ii) the primary statistical analysis tool applied here, RMA, has been shown to produce a low percentage of false-positive results but a relatively high percentage of false-negative changes compared to other methods (27) .
The expression data obtained here were deposited in the Gene Expression Omnibus (GEO) database of the National Center for Biotechnology Information (www.ncbi.nih.gov/geo), platform GPL162, under the "blue-light" series.
RESULTS AND DISCUSSION
Overview of the R. sphaeroides transcriptome changes in response to blue light under semiaerobic conditions. We recently showed that major known metabolic and physiological responses of R. sphaeroides are mediated via modification of gene expression patterns (46) , which probably holds true for most prokaryotes. Therefore, we anticipated that transcriptome analysis of blue-light-exposed cultures under semiaerobic conditions would reveal most metabolic and physiological trends in R. sphaeroides and provide insights into the sensory mechanisms involved.
The total number of genes whose expression changed in response to exposure to blue light was relatively limited. Expression of none of the general stress-related genes was changed. The dark-grown and irradiated cultures had identical growth rates (not shown). These observations suggest that blue-light irradiation did not result in significant stress in R. sphaeroides and that response to blue light was specific. A total of 110 ORFs and 12 intergenic regions were up-or downregulated at least at one time point during irradiation after application of the two cutoff criteria described in Materials and Methods. Of these, mRNA levels of approximately one-half was upregulated and one-half was downregulated. Based on the dynamics of expression, several clusters of genes were evident.
Genes from cluster 1 were downregulated at 5 min of bluelight irradiation and remained downregulated for the duration of the experiment (Fig. 1A) . Genes belonging to cluster 2 at 5 min were unchanged, downregulated insignificantly, or slightly upregulated but were significantly downregulated later, at 45 and 135 min of irradiation (Fig. 1B) . Genes from cluster 3 were severalfold upregulated at 5 min; however, their expression green, bacteriochlorophyll biosynthesis genes; red, carotenoid biosynthesis genes; blue, genes encoding structural polypeptides of photocomplexes; gray, genes encoding assembly factors or proteins of unknown function; orange, genes encoding regulatory factors; pink, genes encoding enzymes common to bacteriochlorophyll and ubiquinone biosynthesis. Circled genes were directly repressed by PpsR (Moskvin et al., submitted). (D) Relative expression of the PS genes in the ⌬appA mutant APP11 and the wild type expressing higher levels of PpsR, 2.4.1(pPNs), compared to the wild-type strain. The expression of every gene in the wild type (not shown) was assigned to 1. The expression levels in APP11 and 2.4.1(pPNs) are according to the color scheme shown.
was attenuated to lower levels later in the time course ( Fig.  2A) . Genes from cluster 4 were upregulated at 5 and/or 45 min to a much lesser extent, usually Յ2-fold, and remained upregulated at similar levels for the duration of irradiation (Fig. 2B) . We found that for most genes expression levels observed at 45 min remained changed very little at 135 min, suggesting that the long-term effects of blue-light irradiation were already evident at 45 min. This observation simplified our analysis to comparisons between the early (5 min) and late (45 and 135 min) time points. The genes from clusters 1 to 4 were analyzed with regard to (i) their function and (ii) the presence of common regulatory motifs in their upstream regions.
Functional analysis of downregulated genes (clusters 1 and 2). (i) PS genes.
The majority of downregulated genes from clusters 1 and 2 were PS genes (Fig. 1C) . This result is consistent with the earlier observations that puc and puf mRNA levels were decreased in semiaerobically grown cells exposed to blue light (8, 53) . Coordinated downregulation of PS development may reflect an adaptation process to photooxidative stress conditions. Photooxidative stress is presumed to result from interactions between photoexcited bacteriochlorophyll or its precursors and molecular oxygen that results in formation of highly reactive singlet oxygen. Decreased expression of bacteriochlorophyll biosynthetic genes and genes encoding bacteriochlorophyll-binding proteins presents an obvious way to limit photooxidative damage. Interestingly, along with the downregulatioin of bacteriochlorophyll biosynthesis genes, we also observed downregulation of carotenoid biosynthesis genes, although carotenoids are known as major scavengers of singlet oxygen. This somewhat counterintuitive response may be explained by the common mechanisms that regulate expression of the photopigment genes (see below).
To test for the presence of singlet oxygen, we applied the fluorescence dye DanePy. The fluorescence of this dye is decreased by singlet oxygen-mediated oxidation (30) . We were unable to detect increased production of singlet oxygen by using this method (data not shown). Further, growth of cultures was not impaired during blue-light irradiation, indicating that no or limited stress actually occurred. It is therefore conceivable that blue light in the presence of oxygen elicits an adaptive response, which prepares cells for photooxidative stress that may arise if light intensity increases or if UV light appears. Such adaptive responses to low levels of the stressor have been described for the oxidative stress response in bacteria (55, 56) .
The phenomenon of adaptation to an anticipated stress resembles preparation of the Rhodobacter species to photosynthetic growth upon a decrease in oxygen tension. Photosynthesis is the preferred energy generation mode under anoxic conditions; however, it obviously requires the presence of light. (ii) Non-PS genes. A cluster of genes, RSP2661 to RSP2669, predicted to encode iron-containing alcohol dehydrogenase, glycerol, or carbohydrate kinase and sugar transport proteins were downregulated during blue-light irradiation. For unknown reasons, expression of this gene cluster was found to be highly variable between replicates, both in this experiment and in other, unrelated, genechip experiments (data not shown). Three additional genes encoding a putative transmembrane protein (RSP2879) and proteins involved in transport (RSP1883 and RSP3287) were downregulated. The biological consequences of downregulation of any of these genes by blue light are currently unknown.
Regulatory mechanisms involved in blue-light-dependent downregulation of gene expression. Based on the dynamics of responses to blue light, PS genes are clearly divided into two clusters. Genes from cluster 1 were downregulated as early as 5 min of irradiation, whereas genes from cluster 2 were downregulated only at the later time points (Fig. 1A and B) . No functional distinction could be found between these clusters. However, analysis of the upstream regions of operons, to which genes in cluster 1 belong, revealed that all of them contain PpsR-binding sites (bchCXY, crtC, crtIB tspO, crtEF, ppaA, bchFBN, pucC, and puc2BA) and are directly controlled by the PpsR repressor (18, 66; Moskvin et al., submitted) (Fig. 1C) . Apparently, the AppA/PpsR pathway is responsible for downregulation of these PS genes. Several genes known to be under direct PpsR control did not fall into cluster 1. Some of these belong to the operons listed above (bchZ, crtD, and puc1BA), whereas others (crtA) do not. Expression of bchZ, crtD, and crtA was decreased but did not pass the second cutoff criterion. We speculate that transcription initiation of all of these genes decrease in response to blue light. Because the extent of the decrease in mRNA levels depends on the rate of mRNA synthesis, the rate of degradation, and the original mRNA abundance, the more stable and abundant transcripts or transcript segments (e.g., puc1BA) are expected to show less variation in mRNA levels after a short (5-min) period of irradiation than other transcripts. This could explain why some genes directly controlled by PpsR did not fall into cluster 1.
Earlier, we presented a model, according to which the BLUF-domain flavoprotein AppA acts as a direct blue-light sensor and showed that its activity as a PpsR antirepressor is diminished upon blue-light irradiation (8) . This was later confirmed by Masuda and Bauer (39) , who showed that affinity of the AppA protein to PpsR in vitro is decreased upon blue-light irradiation. Although this model is consistent with the role of AppA as a sensor of blue light responsible for downregulation of PS genes, it may not account for downregulation of PS genes immediately after irradiation is applied. A mutation in AppA that destroys FAD binding, or a deletion of the FAD-binding BLUF domain do not prevent the immediate decrease in PS gene expression upon blue-light irradiation (8) . However, both of these mutations result in an inability to maintain repression during prolonged irradiation. This suggests that an additional blue-light sensory mechanism is involved in the onset of PS gene repression. Given that the genes downregulated at 5 min of irradiation clearly belong to the AppA/PpsR pathway, it is likely that this pathway is responsible for the onset of repression. One possibility is that, under semiaerobic conditions, AppA senses blue light by two different mechanisms: (i) via FAD bound to the BLUF domain (repression maintenance) and (ii) via a different protein domain. However, we cannot exclude the existence of an additional protein involved in the AppA/PpsR pathway. These possibilities are currently under investigation.
The expression of PS genes belonging to cluster 2 was either unchanged, insignificantly downregulated or slightly upregulated at 5 min of irradiation but decreased at 45 min and remained low at 135 min (Fig. 1B) . All PS genes, whether they do or do not contain PpsR-binding sites, were recently shown to be regulated via the AppA/PpsR pathway (Moskvin et al., submitted). It was suggested that the AppA/PpsR system controls activity or expression of an additional regulator of PS gene expression that is responsible for downregulation of those genes, whose upstream regions do not contain PpsR-binding sites. The separation of PS genes into two clusters based on the dynamics of blue-light responses observed here lends further support to this hypothesis. One candidate for such regulator is PpaA (photopigment and puc activator protein [16] ). The expression of the ppaA gene is repressed by PpsR by ϳ2.5-fold at 5 min of blue-light irradiation (Fig. 1A) . Whether or not a lower level of PpaA during prolonged irradiation is responsible for the downregulation of cluster 2 genes remains to be tested.
Does AppA affect gene expression independently of PpsR?
Since the expression of many non-PS genes was upregulated by blue light and AppA was the only known factor in R. sphaeroides capable of blue-light sensing, we investigated the possibility that AppA affects gene expression via a PpsR-independent pathway. To this end, we compared transcriptome profiles of the ⌬appA mutant, APP11 (18) with that of the wild type (strain 2.4.1) and the wild type overexpressing PpsR, strain 2.4.1(pPNs) (19) . The latter strain expresses the ppsR gene at the ϳ12-fold-higher level than the wild type (Fig. 1D) . If an AppA-dependent but PpsR-independent pathway existed, the ⌬appA mutant would show different expression patterns than strain 2.4.1(pPNs). However, if an AppA-dependent but PpsRindependent pathway did not exist, the transcriptome profiles of both strains would be very similar.
We analyzed the transcriptome profiles of the APP11 and 2.4.1(pPNs) grown under aerobic conditions. Compared to the wild type, the ⌬appA mutation resulted in significant changes in the expression of PS genes, as well as of other, non-PS genes, suggesting that AppA is functional under these conditions. Significant expression changes were observed in 2.4.1(pPNs), compared to 2.4.1, suggesting that PpsR present in excess is also functional. Detailed analysis of the expression changes in these strains will be described elsewhere (Moskvin et al., submitted). Here, it is important to note that the transcriptome profiles of these two strains were qualitatively very similar. Compared to the wild type, the directions of expression changes of all genes were identical in these two strains. The expression of none of the genes upregulated by blue light in the wild type was lower in the APP11 strain but not in strain 2.4.1(pPNs). The observed quantitative differences in expression levels between these two strains can be readily explained by different levels of PpsR. The similarity in expression patterns in strains APP11 and 2.4.1(pPNs) is illustrated in Fig. 1D , 7730 BRAATSCH ET AL. J. BACTERIOL.
where the expression profiles of PS genes in these strains are compared to those of the wild type. These data argue against existence of an AppA-dependent but PpsR-independent regulatory pathway. We therefore conclude that upregulation of non-PS genes after blue-light irradiation most likely results from an AppA/PpsR-independent regulatory pathway(s). Such pathways are described below.
Functional analysis of upregulated genes (clusters 3 and 4). Among upregulated genes there were several genes putatively involved in photooxidative stress defense.
(i) Deoxypyrimidine photolyase. The expression of RSP2143 encoding a protein from the deoxypyrimidine photolyase/cryptochrome family (50) was upregulated as early as 5 min of irradiation ( Fig. 2A) . These proteins bind flavin and folate ligands, which are involved in blue-light sensing and/or DNA repair. Photolyases repair cyclobutane rings formed upon UV irradiation of the two adjacent thymine residues. The protein architecture of both cryptochromes and photolyases is similar. However, cryptochromes are not involved in DNA repair. Instead, they function as blue-light receptors in eukaryotes and bacteria (9, 31, 50, 59 ). The R. sphaeroides 2.4.1 genome sequence contains two ORFs, RSP2143 and RSP1981, that belong to this family. Since R. sphaeroides uses sunlight as an energy source and is constantly exposed to UV light in natural environments, it is likely to possess at least one functional photolyase. This assumption is consistent with our recent identification and characterization of a photolyase from a related organism, Rhodobacter capsulatus (7) .
The RSP2143 gene product exhibits 56% sequence identity to the R. capsulatus photolyase and lacks residues believed to be unique to cryptochromes (9) . The induction of RSP2143 expression by blue light is more consistent with its role in protection against photooxidative stress as opposed to the role in photoreception. Blue light has been shown to induce the transcription of photolyase genes in the goldfish Carasius auratus (42, 62) and in the fungus Trichoderma harzianum (5) . In these organisms, light induction can be mimicked by treatment with H 2 O 2 and suppressed by radical scavengers, indicating the involvement of reactive oxygen species in signaling (reference 50 and references therein). R. sphaeroides RSP2143 showed a fast fourfold induction after treatment of cultures with 1 mM H 2 O 2 but did not respond to other chemicals causing oxidative stress, such as the superoxide anion-generating paraquat or diamide that causes glutathione depletion (Table 1 and unpublished data). Based on sequence analysis and its expression pattern, we postulate that RSP2143 is a photolyase and not a cryptochrome and so designate it phrA. Further experiments will be aimed at elucidation of the physiological function of phrA.
RSP2146 encoding a nucleoside triphosphate (NTP) pyrophosphohydrolase implicated in oxidative damage repair was slightly upregulated, and so was the unlinked gene, RSP2388, with the same predicted function. However, these genes did not pass the second cutoff parameter.
In contrast to phrA, RSP1981 is expressed independently of blue light at a low level. The RSP1981 gene product exhibits only 26% sequence identity with the R. capsulatus photolyase and lacks the three conserved tryptophanes, which are supposed to be involved in photolyase intraprotein electron transfer to the catalytic cofactor FAD (10). There was no response of RSP1981 to H 2 O 2 , paraquat, or diamide ( Table 1 ). The function of the RSP1981 gene product remains to be investigated.
(ii) Glutathione peroxidase. Another gene upregulated by blue light is RSP2389, which encodes a putative glutathione peroxidase (Fig. 2B) . Its expression was increased at 5 min of irradiation and remained upregulated by 1.6-to 1.8-fold. Glutathione peroxidase is believed to contribute to the oxidative stress defense (34) . We observed a threefold induction of RSP2389 by H 2 O 2 (Table 1) . Interestingly, the gene downstream of the putative glutathione peroxidase, RSP2390, encoding a putative deacetylase was upregulated by blue light in a fashion similar to that observed for glutathione peroxidase. RSP2987 and RSP4209, other genes encoding putative acetyltransferases, were also upregulated. The significance of the apparent activation of acetyl group transfers during blue-light irradiation is currently unknown.
(iii) Quinol oxidoreductases. Expression of genes encoding putative aerobic carbon monoxide dehydrogenase or quinol oxidoreductase (RSP3162 to RSP3164) and cytochrome bdtype quinol oxidase (qxtB, RSP3210; RSP3212) was increased. Blue-light irradiation is expected to cause formation of semiquinol radicals. We hypothesize that these enzymatic complexes, which are involved in quinol oxidation, may help scavenging semiquinol radicals and therefore may be important for photooxidative stress defense. The validity of this hypothesis is yet to be tested. The expression of RSP3162 to RSP3164 was also increased by H 2 O 2 treatment, whereas the expression of RSP3210 and RSP3212 was only weakly affected or unaffected by H 2 O 2 ( Table 1) .
Many other upregulated genes encode hypothetical proteins. a That is, the fold change compared to a no-treatment control. Values in parentheses correspond to insignificant changes according to the chosen criteria.
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We were unable to predict any physiological role of these proteins in responses of R. sphaeroides to blue light under the semiaerobic conditions. Analyses of the transcriptome responses to different stresses revealed that many expression changes, considered in the past to be specific to a certain stress, in fact overlap, e.g., responses to heat shock, oxidative stress, and stationary phase (15, 35, 67) . The changes in the R. sphaeroides transcriptome in response to blue-light irradiation are different from the changes observed in response to oxidative stress agents; however, certain overlaps clearly exist (Table 1 and unpublished data). It will be important to unravel the regulatory pathways underlying the blue-light responses in order to understand its place among other stress responses.
Regulatory mechanisms involved in blue-light-dependent upregulation of gene expression. Genes encoding two different -factor proteins, rpoE (RSP1092) and rpoH2 (RSP0601), were significantly upregulated-4.0-and 4.8-fold, respectively-at 5 min of irradiation by blue light and remained upregulated until 135 min, albeit at attenuated levels ( Fig. 2A) . rpoE encodes a E -factor, which belongs to the extracytoplasmic 70 -factor family, i.e., the ECF family (49) . rpoH2 encodes a 70 -type factor, which belongs to the heat shock family of -factors (58) .
The products of rpoH2, 38 (37) , and rpoE, E (44) , have been shown to drive transcription of the cytochrome c 2 gene, cycA (RSP0296). However, under the conditions used here, cycA expression was unchanged. This does not necessarily contradict the published data because transcription of cycA is driven by at least three promoters, yet the overall range of variation in cycA expression is small (44) .
We reasoned that, if rpoE and rpoH2 expression is increased, so should be expression of genes transcribed by E and 38 . We analyzed the upstream regions of all upregulated genes by using GeneSpring software with the aim of finding possible consensus sequences. Two such sequences having low false discovery rates (FDRs) were found upstream of numerous upregulated genes. One consensus sequence, TGATC-N17-CGTA with no mismatches (FDR 1.37e Ϫ6 ), was present in the upstream regions of six upregulated genes. This sequence is reminiscent of a promoter, i.e., it has a putative "-35" and "-10" areas separated by 17 nucleotides. The following promoter sequence recognizable by E was deduced earlier: TGATCC-N18-TAAGA (44) . The perfect match to the consensus derived by Newman et al. (44) is found upstream of the rpoE and phrA genes overlapping with the consensus identified here. When mismatches are allowed, both putative consensus sequences converge. This suggests that they represent one and the same promoter sequence. Given that our consensus is found upstream of the larger number of coregulated genes than that derived by Newman et al. (44), we conclude that the sequence found here best describes consensus for the E promoter (Fig. 3A) .
Interestingly, the expression pattern of all genes containing the deduced E promoter, as well as genes apparently cotranscribed with them, formed a cluster, which is clearly different from the expression pattern of the remaining upregulated genes ( Fig. 2A, cluster 3 , and Table 2 ). The expression of genes in cluster 3 increased the most at 5 min of irradiation and declined with time to the levels, which were still higher than those in the dark.
The rpoE gene is transcribed by its own product, E . The fast increase in rpoE gene expression suggests that its product, E , directly or indirectly senses blue light or a product(s) formed as a result of blue-light irradiation in the presence of oxygen. The fact that a photolyase gene phrA is apparently transcribed by E further strengthens this suggestion. The activity of E is known to be regulated by the anti--factor ChrR. The latter protein has been proposed to respond to a signal from the porphyrin biosynthetic pathway (44, 51) . Porphyrins absorb in the blue area of light spectrum (Sorret band) and may be susceptible to blue-light irradiation. It is also possible that singlet oxygen produced under these conditions at low levels interacts with a porphyrin intermediate(s) and through such intermediate(s) affects ChrR. The accumulation of porphyrin intermediates in the Escherichia coli heme biosynthetic mutants sensitizes cells to blue light (60, 61) . Alternatively, ChrR may interact with an as-yet-unidentified upstream protein sensor of blue light. Newman et al. showed that activity of ChrR in vitro is regulated by zinc (43) . At present, it is unclear whether or how zinc binding and porphyrin intermediates are related.
Until the present study, nothing has been known about the environmental factors involved in activation of rpoH2 expression and about genes, other than cycA (37), transcribed by 38 . Apparently, blue-light irradiation in the presence of oxygen is one of the conditions activating rpoH2 gene expression and the 38 regulon. It is not known whether such activation works via activation of the 38 protein or its upstream partner, if any, or via upregulation of rpoH2 gene expression by E . However, because rpoH2 belongs to cluster 3 of the E -dependent genes and a predicted E -dependent promoter is present upstream of rpoH2, we favor the latter possibility ( Fig. 2A and What genes are transcribed by 38 ? The second consensus sequence (FDR 1.19e Ϫ3 ) identified in the upstream regions of the upregulated genes, TTG-N18-CTA, may hold the answer to this question (Fig. 3B) . This sequence resembles a truncated promoter sequence. Further, it shares significant similarity with the sequence of the 37 -dependent P1 promoter of cycA. 37 is a member of the heat shock family of -factors in R. sphaeroides, to which 38 belongs. The P1 promoter is recognizable by both 37 and 38 (37) . Twenty-one genes from cluster 4 contain the putative 38 -promoter. These are likely to constitute the 38 regulon. Because most of these genes are hypothetical, it is difficult to predict functional significance of their upregulation. An exception is the glutathione peroxidase gene, RSP2389, anticipated to be involved in photooxidative damage defense.
Concluding remarks. The described R. sphaeroides transcriptome analysis showed that blue light causes downregulation and upregulation of expression of a limited number of genes. We predicted regulatory mechanisms that are likely to control changes in expression of Ͼ81% of all genes. PS genes comprise the largest cluster of downregulated genes. Their downregulation most likely represents an adaptation process, which prepares cells for photooxidative stress. This process is under the control of the AppA/PpsR antirepressor-repressor system. AppA has been shown to function as the primary photoreceptor for maintenance of PS gene repression upon long-term blue-light irradiation (8) . Our transcriptome analysis suggests that AppA is also responsible for the onset of repression by an as-yet-unknown sensory mechanism. However, involvement of an additional factor cannot be excluded. Consistent with our interpretation of the significance of downregulation of PS development, several genes involved in photooxidative damage defense are upregulated by blue light. Physiological roles of other upregulated genes, many of which are annotated as encoding hypothetical proteins, is unclear. A combination of downregulation of PS development and upregulation of photooxidative stress defense mechanisms apparently prepares R. sphaeroides for photooxidative stress that could occur if the light intensity rises to higher levels. We revealed that expression of the vast majority of upregulated genes is controlled by the E and 38 pathways. We deduced promoter sequences for these -factors. We predicted that the anti-E -factor ChrR or its upstream partner is involved in sensing of blue light or a product of blue-light irradiation in the presence of oxygen, possibly singlet oxygen. This sensory event is likely to result in the release of inhibition of the E protein, which positively regulates expression of its own gene and thus promotes expression of the E regulon. Initiation of expression of one of the E -dependent genes, 38 , promotes expression of the 38 regulon. The present study has provided the framework and generated a number of testable hypotheses for the indepth analysis of the blue-light-dependent signal transduction pathways in R. sphaeroides. 
